Meconium ileus is most often associated with mutations in the CFTR gene; however recently, mutations in GUCY2C in the Bedouin population have also been shown to result in this phenotype. This gene codes for an intestinal transmembrane receptor that generates cyclic GMP, which activates cystic fibrosis transmembrane receptor. We report a third family that supports the association of variants in the GUCY2C gene with meconium ileus (MI). A Lebanese kindred was studied and individuals affected with MI had either homozygous or compound heterozygous variants in GUCY2C. The earliest manifestation of the affected individuals was the presence of second trimester fetal echogenic bowel, thus resulting in the expansion of the differential diagnosis of this ultrasound finding.
INTRODUCTION
The detection of echogenic bowel during a second trimester fetal ultrasound may be the first indication that the developing fetus has cystic fibrosis due to the abnormal consistency of the meconium in the intestine. However, this ultrasound finding could also indicate that the fetus has trisomy 21 or a congenital infection. Alternatively, this finding may be associated with no sequelae to the child. If the neonate presents with meconium ileus (MI), then the likelihood that the baby has cystic fibrosis is extremely high (~80%). 1 In 2012, Romi et al 2 reported two unrelated consanguineous Bedouin kindreds, who presented with MI, without pulmonary or pancreatic features of cystic fibrosis. Mutations were identified in the GUCY2C gene, which encodes guanylyl cyclase 2C, a regulator of ion and fluid balance that is predominantly localized at the apical brush border membrane of the intestinal epithelium. 3, 4 Binding of ligands to GUCY2C catalyzes the synthesis of cyclic GMP, which in turn causes activation of PKGII that leads to phosphorylation and subsequent opening of the cystic fibrosis transmembrane receptor. 5 The first family was found to have a homozygous missense mutation (p.Asp367Gly) in the GUCY2C gene, in a highly conserved area in the extracellular ligand binding domain. Romi et al 2 were able to demonstrate experimentally that this amino-acid substitution leads to a reduction in ligand binding and a decrease in the guanylate cyclase activity. Decreased penetrance of the postnatal MI phenotype was evident, as there were only 11 affected individuals with MI out of 15 who were found to have the homozygous genotype. One individual had ultrasound evidence late in pregnancy of MI, but was able to pass stool unassisted at birth. The second reported family had a single affected individual who had severe MI, requiring surgery. This individual had a homozygous truncating mutation (p.Asn757Lysfs*2) that removes the guanylate cyclase catalytic domain.
Here we report a third family, with two different variants in the GUCY2C gene, segregating with an increased risk of MI.
Clinical description
The proband (IV-2) ( Figure 1 ) first came to medical attention at 18 weeks gestational age. His mother had undergone a detailed fetal ultrasound, as her first pregnancy had been associated with multiple congenital anomalies. The parents were of Lebanese background, had unremarkable medical histories and were first cousins. No fetal anomalies were detected, but the fetal bowel was echogenic. The parents underwent screening for cystic fibrosis, and the CFTR gene was analyzed for 37 common mutations, with none being detected. Maternal serology for congenital viral infections was negative. Maternal serum screening for trisomy 21 was likewise unremarkable (1/14 000 risk). The proband was born at 39 weeks gestation. At 3 days of age, the meconium had not passed. He underwent surgical bowel cleansing after the diagnosis of MI. Sequencing of the entire CFTR gene was performed on the proband, with no detection of mutations. A sweat chloride test was likewise normal. He was otherwise well grown, and at 8 years of age is healthy and developmentally normal.
Shortly after the proband's diagnosis of MI, a paternal cousin (III-3) was also diagnosed with MI that needed surgical assistance to clear the meconium. Both her parents are Lebanese, with no known links of consanguinity with her father's family to that of the proband's. Her sweat chloride test and sequencing of the CFTR gene were normal.
The parents of the proband underwent a third pregnancy that was unremarkable. In the fourth pregnancy (IV-4), they came to medical attention again when echogenic bowel was noted at 19 weeks gestational age. Repeat serology for congenital infections was unremarkable, as was the maternal serum screen for trisomy 21. After delivery, MI was diagnosed, which cleared with hydration measures.
At 4 years of age, he is healthy and developing well. The family is not aware of other family members with similar presentations.
METHODS
The family was studied as a part of the Finding of Rare Disease Genes Canada project. Informed consent was obtained from all participating individuals according to the Declaration of Helsinki and the Research Ethics Boards of the Children's Hospital of Eastern Ontario approved the study. We used standard methods to isolate genomic DNA from peripheral blood and saliva from the family members.
Shortly after recruitment to the Finding of Rare Disease Genes study for whole exome sequencing, the paper by Romi et al 2 was published. As the GUCY2C gene was thought to be a likely candidate for this family, all exons of the gene were analyzed using Sanger sequencing under standard conditions (available upon request). Meanwhile, one affected brother (IV-4) had undergone whole exome sequencing. Exome capture and high-throughput sequencing was performed at McGill University and Genome Quebec Innovation Centre (Montréal, Canada). Target enrichment was achieved using the Agilent SureSelect 50 Mb (V3) All Exon Kit and followed by sequencing (Illumina HiSeq), generating 414 Gbp of 100 base pair, paired-end reads per sample. Read alignment, variant calling, and annotation were done as outlined for previous Finding of Rare Disease Genes projects 6 
DISCUSSION
This is the third family and the second report of mutations in the GUCY2C gene being associated with MI. This family segregates two different mutations in this gene. Homozygosity for p.(Cys928Arg) in the proband is associated with a more significant phenotype in this family with the MI requiring surgical intervention. Those with the compound heterozygous genotype, had no, or easier to manage manifestations suggesting decreased penetrance and also variable expressivity. Romi et al 2 had also observed decreased penetrance in their family 1, who had the mutation in the extracellular ligand binding domain. Although based on a small sample, it appears that there is a genotype/phenotype correlation with those individuals having two variants in the catalytic domain (Romi et al 2 family 2 and our proband) presenting with a more severe MI course. Further families will need to be studied to assess whether this observation holds true.
In contrast to MI, an autosomal dominant familial diarrhea syndrome has been reported in a Norwegian family due to a change in the GUCY2C gene. 7 This was found to be because of a missense mutation in the catalytic domain (c.2519G4T: p.Ser840Ile), resulting in a gain of function. The authors presented functional analysis of the mutation in cell culture demonstrating increased ligand-mediated activation of guanylate cyclase C with subsequent intracellular accumulation of cyclic GMP. As demonstrated in Table 2 , only five changes in the GUCY2C gene have been reported to date, including this current family. However, we expect that there are likely more.
The presence of echogenic bowel on fetal ultrasound in the second trimester was the first clinical indication in this family that the younger sibling (IV-4) could present with MI as a neonate. Fortunately, MI is a time-limited condition and likely related to the timing of expression of GUCY2C, which is most highly expressed in the newborn period 8 and there does not appear to be any pulmonary or pancreatic complications. The fact that this is a self-limited condition may explain why there have not been other reports of GUCY2C-associated MI. For members of this extended family, how we counsel on the differential diagnosis of a prenatal presentation of fetal echogenic bowel needs to be expanded to include GUCY2C-associated MI.
As was suggested by Romi et al, 2 loss of function mutations in the GUCY2C gene may provide protection during gastrointestinal infections in young individuals due to the retention of fluids. However, further work would need to be done to know if such variants are indeed enriched in either the Lebanese or Bedouin populations. 
